Introduced species are an increasing agent of global change. Biogeographic comparisons of introduced biotas at regional and global scales can clarify trends in source regions, invasion pathways, sink regions, and survey effort. We identify the Northeast Pacific Ocean (NEP; northern California to British Columbia) as a model system for analyzing patterns of marine invasion success in cool temperate waters. We review literature and field surveys, documenting 123 introduced invertebrate, algal, fish, and vascular plant species in the NEP. Major invasion pathways were shipping (hull fouling, solid and water ballast; 1500s-present) and shellfish (particularly oysters) and finfish imports (commonest from the 1870s to mid1900s). The cumulative number of successful invasions over time increased at linear, quadratic, and exponential rates for different taxa, pathways, and regions within the NEP. Regional analysis of four major NEP estuaries showed that Puget Sound and the contiguous Straits had the most introduced species, followed by Humboldt Bay, Coos Bay and Willapa Bay. Data on cumulative shipping volumes predicted smaller-scale, but not larger-scale spatial patterns in the number of shipping-mediated invasions. We identify the major challenges in scaling up from regional to global invasion analysis in cool temperate regions. Retrospective analyses for distinct biogeographic regions such as the NEP provide insight into vector dynamics and regional invasibility, and are a necessary foundation for monitoring and managing global change caused by biotic invasions.
Introduction
Biological invasions are a major agent of global change (Ruiz et al. 1997; Vitousek et al. 1997; Sala et al. 2000) . In cool-temperate coastal communities, invasions by non-native marine and estuarine species are increasing around the world (Pollard and Hutchings 1990a, b; Eno et al. 1997; Cohen and Carlton 1998; Leppa¨koski and Olenin 2000; Ruiz et al. 2000a; Levings et al. 2002) . The number and diversity of non-native species vary at both regional and global scales: this variation is the complex product of differences in the history, timing, and diversity of transport vectors, traits of the introduced species, abiotic and biotic features of the invaded environment, and sampling strategies. Biogeographic comparisons, based on a historical and geographic synthesis of the introduced biota within and between regions, can help elucidate the relative importance of these factors.
As a model system to analyze the growing number of invasions in cool temperate marine ecosystems, we selected a $ 3000 km coastal biogeographic region in the Northeast Pacific Ocean (NEP) extending from Cape Mendocino, California (40°26.4¢ N, 124°24.3¢ W) to Haida Gwaii (Queen Charlotte Islands), British Columbia, (52-54°N, 131-133°W) ( Figure 1 and Table 1 ). Cape Mendocino represents the southern limit of the Northern California Current Ecoregion (OOPAC 1994) , while the Queen Charlottes represent the northern limit of contiguous coastal surveys before the considerably more northern Alaskan datasets. We synthesized records of introduced marine and estuarine species in this region and analyzed patterns in their The total coastline treated here extends from Haida Gwaii, British Columbia (BC), Canada ($54°N), through Washington (WA) and Oregon (OR) to Cape Mendocino, California (CA), USA ($40°N).
taxonomic distribution, origins, invasion pathways, temporal trends, and regional distributions. Lessons from regional-scale analysis of portions of the NEP highlight the challenges of making global-scale comparisons.
Northeast Pacific invasion pathways
Humans have inhabited the NEP coastline for thousands of years, but it was the 16th-century arrival of European explorers and colonizers that ushered in the present era of human-mediated marine biological invasions. Dominant marine invasion pathways in the NEP have included shipping (hull fouling, solid ballast, and water ballast) and imports for aquaculture and fisheries (reviewed by Carlton 1985 Carlton , 1987 Hitchman 1990) . Shipping introductions presumably began with the arrival of European ships via the South Atlantic and South Pacific in the mid-1500s, and Russian ships from the west and north Pacific in the 1700s. Traffic increased during the gold rush of the mid-1800s and again following the 1914 opening of the Panama Canal. In the US, increased traffic was evident in the major ports of Puget Sound (Seattle and Tacoma); in ports of the outer coast, shipping remained at lower levels and in some areas has decreased in recent decades ( Figure 2 ). Early ships carried organisms on and in their wooden hulls and in solid ballast. By the late-1800s, iron-hulled ships coated with antifouling paint provided much less substrate for hull-fouling organisms. In lieu of solid ballast these ships carried water, and since its required separation from oily bilge in the 1980s ballast water has served as a less polluted pathway for living organisms (Carlton 1985; Carlton and Geller 1993; Carlton and Hodder 1995) . Although shipping tonnage is not necessarily a direct indicator of number of ships or volume of ballast water, we use it as an indicator of the relative scale of shipping pathways through time in the NEP.
Shellfish imports to the NEP began in the late 1800s. The Atlantic oyster Crassostrea virginica was imported from the 1880s to the 1930s. Pacific oysters, primarily C. gigas, were imported from Japan beginning in the early 1900s and peaking around the 1950s; today experimental imports are conducted only occasionally (D. Cheney, Director, Pacific Shellfish Institute, Olympia, WA, USA, pers. comm.). Both oyster species served as invasion pathways for additional hitchhiking invertebrates and algae (Quayle 1964 (Quayle , 1988 Carlton 1979) . Successful intentional introductions have included several additional bivalve species; other molluscs and crustaceans were released but failed to establish (Carlton 1979) . Finfish were introduced intentionally to brackish and coastal waters of the NEP in the late 1800s and early 1900s (Smith 1896; Fuller et al. 1999) . Other potential invasion pathways that are less well documented include intentional and inadvertent releases associated with the aquarium trade, bait shipment, and planting and transplantation of eelgrass and salt marsh grasses.
Materials and methods
In this review we synthesized current and historical literature including peer-reviewed scientific publications, government reports, and unpublished data. Field records from surveys by the authors (JTC 1978 (JTC -1979 MJW 1995 MJW -2000 and Cohen et al. (1998 Cohen et al. ( , 2001 were also included.
(From the 2001 survey by Cohen et al., we include only records of invader range extensions within the NEP.) We treated marine and estuarine invertebrates, algae, fishes, and vascular plants as completely as possible. We noted but did not cover in detail certain invasions by phytoplankton and coastal insects since records for these groups were sparse. Habitat coverage extended to marine and brackish waters, and for angiosperms included salt-water flooded habitats.
We excluded the following groups of introduced species: strictly terrestrial plants that invade along the edges of salt marshes, dunes, beach cliffs and bluffs (e.g., beachgrass Ammophila arenaria and iceplant Carpobrotus edulis), terrestrial animals that venture into the intertidal to feed (e.g., Norway rats Rattus norvegicus), fish that may be found, but do not reproduce in brackish waters (e.g., carp Cyprinus carpio and mosquitofish Gambusia holbrooki), freshwater species that may occasionally occur as adults in waters contiguous with tidal brackish waters (e.g., Asian clam Corbicula manilensis), and records of marine species that reproduce in our region but are not known to be established independently of aquaculture (e.g., Atlantic salmon Salmo salar and the Mediterranean mussel Mytilus galloprovincialis). Although the excluded species may in some cases play important ecological roles in marine and estuarine communities, our focus was on the changing composition of established species living and reproducing in the these environments.
Data classification
Species were classified as native or introduced based on criteria in Chapman (1988) and Chapman and Carlton (1991) . We included only those non-native species believed to have established self-maintaining populations in the NEP. Records of cryptogenic species (sensu Carlton 1996) and species that have been reported but are not believed to be established were excluded. Species were further classified according to their region of origin (Table 2) , invasion pathway (Table 3) and date of invasion. Region of origin was assigned based on literature reports of native ranges; for some now-cosmopolitan species, the region of origin is not yet known.
We assigned species to their most probable invasion pathways based on our knowledge of transport vectors, the location of an invader's initial discovery (e.g., oyster beds during the height of oyster introductions and prior to ballast water coming into common use), and general knowledge of its habitat and life history. For many species, several pathways were plausible: these were conservatively assigned to a 'multiple pathway' category. Invasion date was taken as the date of planting or release, where known; otherwise, date of first collection was used. This last should be interpreted with care since a species may have been discovered considerably after the (unknown) date of its first arrival. When the original author did The detailed invasion history of most species, which may include multiple introductions via multiple pathways, will never be known with absolute certainty. In the absence of perfect historical information, we opted to follow similar studies in assigning species to their most probable dates and pathways (e.g., Cohen and Carlton 1995; Eno et al. 1997; Cohen and Carlton 1998; Leppa¨koski and Olenin 2000; Ruiz et al. 2000a; Levings et al. 2002) . We believe that the resulting dataset, developed with care, can despite its inevitable imperfections provide a largely representative picture of a region's broad-scale invasion history.
Regional comparison
Our complete database includes all the species records we found in the NEP. Subsets of the data were examined for four especially well-studied regions: Puget Sound and the contiguous Straits of Georgia and Juan de Fuca in British Columbia (BC) and Washington (WA), Willapa Bay, WA, Coos Bay, Oregon (OR), and Humboldt Bay, California (CA) (Figures 1 and 2 ; Table 1 ). The biota of these four regions has been surveyed historically, and more recently for introduced species in particular (Carlton 1979, unpublished data; Cohen et al. 1998 Cohen et al. , 2001 Boyd et al. 2002) . The following description of each area is summarized from several sources (Carlton 1979; Hitchman 1990; Encyclopedia Britannica 2001; PNCERS 2001 ; Army Corps of Engineers Navigation Data Center, Waterborne Commerce Statistics Center <http:// www.wrsc.usace.army. mil/ndc/wcsc.htm>).
The combined Puget Sound, Strait of Juan de Fuca, and Strait of Georgia, which includes the Fraser River estuary, is the largest of our regions. Its two major ports, Vancouver, BC, and Seattle, WA, were developed in the mid-1800s and continue to receive a large volume of shipping traffic. Atlantic oysters, Crassostrea virginica, were planted in British Columbia from the 1880s-1930s and in Puget Sound from the 1870-1880s to the 1920s. Pacific oysters, C. gigas, were first planted in British Columbia in [1912] [1913] , and in Puget Sound in 1875 and again from 1902 onwards.
Willapa Bay is Washington's largest estuary outside Puget Sound, covering approximately 23,600 ha at high tide and draining the Willapa, Palix, and Naselle Rivers. The area was first settled by Europeans in the early 1850s and served as a commercial port from the late 1800s until the mid-1970s when the Army Corps of Engineers ceased port dredging and large-scale commercial shipping stopped. C. virginica was first planted here in 1874 and from 1894 to the 1920s; there are no commercial operations for this species now in the bay. C. gigas was planted from 1928 onwards, and possibly as early as 1910. Today, Coos Bay is the largest estuary in Oregon, covering approximately 4920 ha at high tide. The city of Coos Bay, first settled by Europeans in 1854, became a major coal and lumber port; lumber remains the major export, although shipping has declined in the last two decades. Historical C. virginica plantings are reported anecdotally in Coos Bay. C. gigas was first planted in the 1930s and continues to be imported from other NEP bays.
Humboldt Bay, the second largest estuary in California, covers approximately 20,000 ha at high tide. The bay was first explored and settled by Europeans in 1850; it became an important lumber and passenger port but shipping has remained at a low volume since the turn of the century. C. virginica was planted in the bay from 1896 to 1930s. C. gigas was planted from 1953 onwards, and continues to be cultured here.
Data analysis
Introduced species counts were analyzed for distributional patterns and temporal trends by taxonomic group, region of origin, and invasion pathway, and across NEP regions. Maritime plants, whose arrival dates were largely unknown, and fish, which are unique in our dataset in being almost exclusively intentionally introduced, were excluded from temporal and regional analyses leaving 108 marine invertebrate, algal and plant species.
For temporal analyses, species counts were regressed against year since 1900, since data resolution before then was poor. The two earliest molluscan invasions were thus omitted, leaving 106 species. Analyses were conducted with the complete dataset and with a reduced dataset of collection dates only (i.e., omitting records where only the publication date was known) to reduce the effects of reporting bias. For both datasets, we compared three alternative models to describe the change in the cumulative number of successful reported invasions over time: a linear model representing a constant rate of successful invasions (fit to untransformed data), a quadratic polynomial model representing a constant increase in the rate of successful invasions (linear fit to square-root transformed data), and an exponential model representing an accelerating rate of successful invasions (linear fit to ln(x)-transformed data). R 2 values were compared to select the best fit among the three models. Temporal trends for the multiple and oyster-mediated invasion pathways, and in the Coos Bay region, approximated a sigmoidal curve. However, in the absence of a mechanism to justify this increased-parameter fit, we used the three simpler models to allow ready comparison across datasets.
Temporal regressions were conducted for all species together and for the following 11 subanalyses: molluscs only, Pacific and Atlantic origins, ballast water, oyster, shipping, and multiple pathways, and the four NEP regions. In each analysis, all three models explained the variance relatively well, with R 2 > 0.73, and both the complete and reduced datasets were best fit by the same model type. Only the best-fit model for the reduced dataset is reported.
For comparisons across the 4 NEP regions, 6 invertebrate and 1 diatom species reported only from other NEP locations were excluded from the original 108, leaving 101 species. We used v 2 tests compared species number, origin, invasion pathway, and cumulative shipping volume in short tons from 1900 to 2000 across regions. For Willapa Bay, the shipping analysis extended only to 1970, the last year of shipping records. All analyses were conducted with the statistical package JMP Version 3.1 for Macintosh (Ó SAS Institute 1988 -1999 and used a significance level of a ¼ 0.05.
Results
We documented a total of 123 introduced marine and estuarine species established in the NEP (Appendices 1 and 2). These consisted of 99 marine invertebrates, 4 marine algae, 14 marine and maritime plants, and 6 marine and brackish-water fish. All taxa were identified to species except for five invertebrates identified only to genus.
Taxonomic distribution
Introduced invertebrates were distributed over 10 phyla (Appendix 1). Together, arthropods, mol-luscs and annelids made up over half the species. Arthropods (n ¼ 32 species) consisted primarily of amphipods (12) and copepods (7). Molluscs (n ¼ 27 species) consisted equally of bivalves (14) and gastropods (13). Annelids (n ¼ 13 species) consisted of polychaetes (8) and oligochaetes (5). In addition, bryozoan (8), cnidarian (7), ascidian (5), sponge (3), flatworm (2), foraminiferan (1), and kamptozoan (1) species were reported (Appendix 1).
Algal records consisted of one brown macroalga, two red macroalgae, and one diatom (Appendix 1). Plants consisted of two marine genera, the cordgrasses Spartina spp. (four species) and the eelgrass Zostera japonica, and nine maritime species from saltmarsh and strand habitats (Appendix 2). Fishes included two coastal marine species (American shad Alosa sapidissima and striped bass Morone saxatilis) and four estuarine species (Appendix 2).
The earliest records of introduced species in the NEP are the fishes A. sapidissima and M. saxatilis and the molluscs Myosotella myosotis and Mya arenaria, all first reported in the 1870s-1880s (Carlton 1979 ) (Appendices 1 and 2). Beginning in the early 1900s, species records began to accelerate (Figure 3a and Table 4 ). This increase is the product of trends in the number of introductions, invasion success, and species collection. To attempt to distinguish among these contributing factors, we repeated the temporal analysis for molluscs, a conspicuous and wellstudied group that might be expected to suffer less reporting bias than other taxa (Carlton 1999; Ruiz et al. 2000a) . Cumulative mollusc records increased linearly over time, showing no apparent acceleration (Table 4 and Figure 3a) . We also investigated the contribution of recent intensive field surveys to the accelerating pattern. However, these surveys (Carlton 1979; Cohen et al. 1998 ) each added only two new invader records to the overall region and did not change the qualitative shape of the curve.
Origins and pathways
The majority of invaders were native to the northern hemisphere (Table 2) . Approximately half originated in the Atlantic (46%) and onethird in the Pacific (35%). Fewer came from the southern hemisphere (7%), and only two from the Ponto-Caspian region (Table 2 and Appendix 1). Over time, both Atlantic and Pacific records increased at similar rates (Table 4) .
By far the majority of species were introduced unintentionally (87%); only a small percentage were intentionally imported (6%) ( Table 3 ). For 50% of species, it was possible to assign a single most probable invasion pathway. The three commonest pathways, all unintentional, were Pacific and Atlantic oyster shipments (20% of all Table 4 for regression equations). species), ballast water transport (13%), and ship fouling (8%). For nearly all the remaining species, multiple inadvertent pathways appeared equally likely (43%) ( Table 3 ). Other documented invasion pathways were dry ballast, and the commercial movement of species other than oysters (Table 3 and Appendix 1). Cumulative species records attributed to ballast water and to multiple pathways accelerated over time, whereas those attributed to oysters and other shipping vectors (hull fouling and solid ballast) increased linearly (Figures 3b, 3c and Table 4 ).
Regional differences
Among regions, the most invaders were reported from the Straits and Sound (76 species) and fewer from Humboldt (54), Coos (52), and Willapa (43) Bays (Table 5) . Approximately half the species in these three bays were also found in the Straits and Sound (50-53%), whereas the bays had a broader range in overlap of 43-65% among them (Table 5 ). Over time, the cumulative number of invasion records accelerated in all regions, with a quadratic increase in three of the four regions and an exponential increase in Humboldt Bay (Figure 4 and Table 4 ). In the Straits and Sound, Willapa Bay, and Humboldt Bay, the same model type remained the best fit even when new records from recent surveys for introduced species (Cohen et al. 1998 (Cohen et al. , 2001 Boyd et al. 2002) -which might create an apparent recent increase in successful invasions -were omitted from analysis. This analysis was not repeated in Coos Bay, as there are no recently published surveys of invaders from that region.
Dominant invasion pathways differed significantly among regions (v 2 ¼ 20.0, df ¼ 9, P ¼ 0.02) ( Table 6 ). Two of the regions had 2.5-5 times as many oyster-mediated as shipping-mediated invaders, whereas Coos Bay -which had the highest proportion of ballast-mediated and the lowest proportion of oyster-mediated invasionsshowed the opposite pattern. Willapa Bay and the Straits and Sound had the highest proportion Model is best-fit linear regression to untransformed (Linear: y=a+bx), square-root(x)-transformed (Quadratic: y=(a+bx) 2 ), or ln(x)-transformed (Exponential: y=exp(a+bx)) data. SE, 1 standard error for estimate of a and b. All models significant at P < 0.000l. Number of species (out of total 108) shown for each region on diagonal. Percent (and number) of species in row site shared by column site shown above and below diagonal.
of oyster-mediated invasions; Willapa had the lowest proportion of ballast-water and ship-fouling invasions. The proportion of multiple-pathway invasions was greatest in Coos Bay and lowest in the Straits and Sound (Table 6 ).
Commercial cargo tonnage in the Straits and Sound region has increased dramatically over time, whereas in Coos Bay and Humboldt Bay it has remained steadier and shipping in Willapa Bay has ceased altogether ( Figure 2 and Table 6 ). We qualitatively compared cumulative shipping tonnage to the total number of invaders across regions for two sets of pathways, probable shipping (i.e., BW+SF) and possible shipping (i.e., BW+SF plus multiple-pathway invaders assigned to BW, SF, or both) ( Table 6 ). In both analyses, the Straits and Sound had fewer invaders via these pathways (n ¼ 52) than would be predicted by its shipping traffic, whereas the other ports had more. Willapa Bay had the fewest such species (n ¼ 31) and the least shipping tonnage. Coos Bay and Humboldt Bay had similar species counts via these pathways (49 and 44, respectively), but Coos Bay had an order of magnitude more tonnage. The proportion of invaders from Atlantic vs Pacific oceans did not differ significantly among NEP regions (v 2 ¼ 1.7, df ¼ 3, P ¼ 0.63) ( Table 6 ). Nineteen species were reported in all four regions, and thirty-eight species were reported from only one region in our analysis (although some of these have also been recorded as invaders outside the NEP; Carlton 1979 Carlton , 1987 Carlton , 1992 . These unique records were most common in the Straits and Sound (28% of species), moderately so in Humboldt (15%) and Coos Bays (12%), and least common in Willapa Bay (7%) (v 2 ¼ 11.3, df ¼ 3, P ¼ 0.010) ( Table 6) . Table 4 for regression equations). Total and unique number of established invaders, and cumulative shipping tonnage in millions of short tons from 1900 to 1999 (see Figure 2) , also given.
Species reported in all four regions included the Pacific oyster Crassostrea gigas, and fourteen species of anemone, polychaete, mollusc, crustacean, bryozoan and tunicate all associated with multiple invasion pathways including commercial oyster shipments. Like C. gigas, the Atlantic oyster C. virginica was introduced to all four regions; unlike its congener, C. virginica remains established only in the Straits and Sound. Several other species introduced via oyster shipments are reported only from this region, including the predatory flatworm Pseudostylochus ostreophagus, bivalves Musculista senhousia and Lyrodus takanosimensis, and gastropods Crepidula convexa, Nassarius fraterculus, and Batillaria attramentaria.
One macroalga, Gelidium vagum, was reported only from the Straits and Sound. Cordgrasses Spartina anglica and S. patens are also found only in this region, while S. densiflora is reported only from Humboldt Bay. Other relatively conspicuous species established in single regions include the clam Gemma gemma and the crab Carcinus maenas in Humboldt Bay, the clam Petricolaria pholadiformis in Willapa Bay, and the crab Rithropanopeus harrisii and opisthobranchs Philine auriformis and Tenellia adspersa in Coos Bay. The wood-boring isopod Limnoria tripunctata is found in the Straits and Sound, Willapa Bay and Coos Bay, whereas its congener L. quadripunctata is reported only in Humboldt Bay.
Discussion
We report 123 introduced established marine and maritime species in the Northeast Pacific. This is an underestimate, since some invaders have likely become established but have not yet been discovered, or have been collected but not yet recognized as introduced. The observed temporal and spatial patterns in invasion records are necessarily the product of patterns in introductions, invasion success, and detection (Cohen and Carlton 1998; Ruiz et al. 2000a; Costello and Solow 2003) . The chances of an invader being initially introduced are likely to have peaked in the past for certain pathways (e.g., oyster imports, hull fouling) but to be increasing for others (e.g., unregulated ballast water release). The chances of an invader being detected are likely to differ among different groups of organisms, to vary with the original authors' methods and intent, and to increase as the introduced population grows. Since our data were gleaned from a wide range of sources spanning more than a century of reporting, certain detection biases may be expected among taxa, among regions, and over time, contributing to the overall patterns observed. We discuss the observed patterns in invasion records in the context of these biases.
Taxonomic distribution
Most of the invaders we report are invertebrates; fewer are plants or fish, fewer still are algae, and we found no unambiguous records of introduced protists. This pattern is generally consistent with that of other coastal regions (Cohen and Carlton 1995; Ruiz et al. 2000a ). Plants and fish, however, are conspicuous taxa in which we might expect invasions to be readily detected. The low number of plant records in this review is perhaps not surprising since comparatively few vascular species thrive in saltwater habitats. For fish, which are clearly capable of successful transport and invasion in marine waters (Golani 1996; Wonham et al. 2000) , their low numbers in coastal North America may reflect a historical tendency to intentionally introduce freshwater rather than marine species (Moyle 1986; Fuller et al. 1999) .
The conspicuously low number of macroalgae may indicate genuinely low invasion opportunity or success, or may reflect sampling biases in both pathway and field surveys (Carlton and Geller 1993; Cohen et al. 1998; Smith et al. 1999) . The ever-finer taxonomic resolution of macroalgae in this region (e.g., Hayden 2001) may ultimately identify certain cosmopolitan species as nonnative. For groups such as protists and phytoplankton, which have been reported at high densities in ballast water (Subba Rao et al. 1994; Galil and H€ ulsmann 1997; Ruiz et al. 2000b) , the paucity of records almost certainly reflects a strong sampling bias resulting from their small size and generally less well-known taxonomy and distribution.
The major invertebrate phyla absent from our dataset are echinoderms, ctenophores, nematodes, and nemerteans. Since echinoderms and ctenophores are generally conspicuous species, their absence may indeed reflect low invasion success, stemming from low opportunity (i.e., low propagule pressure) or low success upon release. For the more cryptic nematodes and nemerteans, sampling and taxonomic biases likely play a large role in their apparent absence.
Origins and pathways
The majority of documented invaders in the NEP are native to the northern hemisphere, which reflects the historical dominance of Asian, European, and eastern North American trade to this region. While the overall number of reported invaders is an underestimate, the number of invaders from the western Pacific is even more so, since most invertebrate and algal species with transPacific distributions have not yet been analyzed with molecular tools to determine their origins.
Although the ship fouling and commercial oyster pathways are far more restricted today than they were historically, some recent records were assigned to these pathways, such as the trematode Cercaria batillariae (2000s), the polychaetes Neanthes succinea (1980s) and Sabaco elongatus (1990s), the clam Gemma gemma (1990s), and the bryozoan Bugula stolonifera (1990s) (Appendix 1). The first four we regard as oyster-associated invasions that were either overlooked earlier or spread recently by intracoastal vectors or natural dispersal. B. stolonifera may have been overlooked in the past, or may be a recent ship-mediated invasion.
Approximately half the invaders were readily assigned to a single invasion pathway. For nearly all the others, assignment to a single most likely pathway was not possible. Since several different pathways have operated during the same time period and with the same end points, such as historic trade ships, modern ballast water, and oyster shipments all arriving from Japan or the east coast of North America, it is possible that many species, particularly benthic invertebrates with pelagic larval stages, have been transported by several means.
Temporal trends
The number of introduced species in the NEP has clearly increased over the last century. We report an accelerating increase in cumulative invader records that is consistent with patterns observed in other regions (Cohen and Carlton 1998; Ruiz et al. 2000a; Leppa¨koski and Olenin 2000) . Linear and polynomial models fit most of our datasets the best, implying constant and linearly increasing rates of successful reported invasions, respectively. Two sets of records, the multiple-pathway and ballast-mediated invasions, were fit slightly better with an exponential model, indicating an accelerating rate of successful documented invasions.
The rate of increase in invasion records must be interpreted with caution. Sampling methods, habitats, and geographic and taxonomic specialties of the original authors can all affect invasion record rates (e.g., Ruiz et al. 2000a ). This difficulty applies to the oyster-mediated invasions discussed above and is even more acute for shipping-mediated invasions, which could have begun as early as the mid-1500s. Since regional surveys of the biota did not begin until the midor even late-1800s, the intervening 300-year period remains virtually unresolved.
Records of molluscs, which may suffer some of the least collection bias of all taxonomic groups (Carlton 1999 , Ruiz et al. 2000a , may provide a 'truer' picture of invasion patterns. Unlike the overall trend, NEP mollusc invasions increased steadily and did not appear to accelerate. This pattern is consistent with mollusc records in other regions (Ruiz et al. 2000a) . More data are required for other individual taxonomic groups (such as polychaetes, bryozoans, or algae) to determine whether molluscs are unique in this regard.
Temporal trends in invasion records are notoriously challenging to interpret (Cohen and Carlton 1998; Ruiz et al. 2000a; Costello and Solow 2003) . Although the difference in fit among linear, polynomial, and exponential models was slight, their long-term predictions would vary substantially. Making future projections clearly requires further investigation of the mechanisms underlying these trends. Nevertheless, the recent arrival of relatively conspicuous species such as the European green crab Carcinus maenas and the Asian varnish clam Nuttallia obscurata (Miller 1996; Byers 2002) indicate that in spite of inevitable sampling and detection artifacts the number of invaders in the NEP continues to increase.
Regional differences
Regional analysis within the NEP allows further investigation of the relative roles of different invasion pathways. It is not surprising that the Straits and Sound region, which covers by far the largest area, had the greatest number of invaders. However, this region had fewer shipping-mediated invasions than would be predicted from its cumulative shipping traffic volume, whereas the three smaller coastal bays had more. Organism retention and subsequent recruitment may be more pronounced in the enclosed coastal bays than in the comparatively open waters of the Straits and Sound, leading to a tighter coupling between invasion and shipping patterns. Among the three outer-coast bays, Willapa Bay had the lowest number of invaders and the least shipping activity. This suggests that across subregions with similar retention, invasion success may correlate better with propagule pressure.
In two regions, Straits and Sound and Willapa Bay, we found more oyster-than shipping-mediated invasions. This result is consistent with our expectation that benthic species planted directly in the intertidal would have an invasion advantage over those dispersed into the water column from ship hulls or ballast water. However, without knowing the total number of species and individuals released, the invasion success rates associated with each pathway cannot be determined. For example, the sources, density, and total volume of oysters planted in each bay is unknown but clearly would have influenced the propagule pressure of additional hitchhiking species delivered to the region. The opposite pattern in Coos Bay, where there were more shippingthan oyster-mediated invasions, may in part reflect its smaller size and greater larval retention. In addition, the comparatively high proportion of multiple-pathway invaders here may indicate a more complex invasion history in Coos Bay that remains to be investigated. Willapa Bay had the fewest unique species records. Although oyster shipments may historically have delivered similar species to all four regions, the much lower commercial shipping traffic to Willapa Bay may account for its lower diversity of unique invaders.
These regional patterns highlight the importance of invasion pathway type and intensity in determining the resulting distribution and composition of introduced species. At the same time, the high proportion of multiple-pathway invaders illustrates the importance of considering a range of possible invasion routes for each species. Clearly, if we could reconstruct the true invasion pathway of each of these invasions (in the unlikely case that all these species indeed arrived in only one manner), we would expect the observed distribution of invasion pathways to change somewhat.
Invader impacts
The ecological and economic impacts of only a small number of the 123 established NEP invaders have been studied. Several species act as ecosystem engineers, altering habitat structure and availability (Crooks 2002) . The cordgrasses Spartina spp., the eelgrass Zostera japonica, and the marine alga Sargassum muticum all increase habitat structure complexity, with impacts on native and introduced estuarine species (Britton-Simmons 2003; Wonham 2003) . S. alterniflora, for example, affects the abundance of epifaunal crustaceans, infaunal polychaetes, the native clam Macoma balthica, and the introduced clams Mya arenaria and Venerupis philippinarum (Ratchford 1995; Zipperer 1996; Dumbauld et al. 1997) . Z. japonica negatively affects a native congener (Nomme and Harrison 1991a, b; Merrill 1995) , alters decomposition rates (Hahn 2003) , and tends to increase taxon density and richness for small infaunal invertebrates while inhibiting larger burrowers and having a wide range of impacts on epifauna (Harrison 1987; Posey 1988; Simenstad et al. 1988) .
The introduced hornsnail Batillaria attramentaria provides habitat for native hermit crabs Pagurus spp. and introduced shell symbionts Crepidula convexa and Diadumene lincata, as well as serving as a host for the introduced trematode Cercaria batillariae. Batillaria also enhances the abundance of the introduced mudsnail Nassarius fraterculus, and the introduced eelgrass Z. japonica (O'Connor et al. 2002; Torchin et al. 2004 ).
Trophic interactions have also been reported for some invaders. Spartina carbon is found in tissue of the introduced cumacean Nippoleucon hinumnensis, which in turn is eaten by native Pacific salmon (Lubetkin 1997 ; S. Simenstad, University of Washington School of Aquatic and Fishery Sciences, unpublished data), and Zostera japonica is consumed by isopods and foraging ducks (Thom et al. 1991, Baldwin and Lovvorn 1994) . The Asian varnish clam Nuttallia obscurata and the copepod Pseudodiaptomus inopinus are both now abundant prey items for native predators, presumably altering trophic relationships and nutrient cycling in their respective habitats (Bollens et al. 2002; Byers 2002) .
In economic terms, some invaders are important recreational and commercial harvest species (bivalves Crassostrea gigcis, Mya arenaria, Mercenaria mercenaria, Venerupis philippinaruni), whereas others are considered pests (flatworm Pseudostylochus ostreophagus, oyster drills Ocinebrellus inornatus and Urosalpinx cinerea, parasites Mytilicola orientalis and Pseudomyicola ostreae, and shipworm Teredo navalis).
Understanding the overall role of the introduced biota in this system requires further detailed study of the extent and impacts of many more of these species (e.g., Parker et al. 1999) . We emphasize that the lack of reports of ecological, environmental, social, or economic impacts of the majority of the introduced species treated here does not mean that such impacts do not exist: a lack of study should not be confounded with a lack of impact.
Interoceanic comparison
Retrospective invasion analyses for distinct biogeographic regions such as these have substantial value. They provide critical insights into the invasibility of particular habitats and subregions, links to pathway risk analysis, and historical baseline data against which to compare current ecological changes. These reviews also provide a necessary foundation to focus specific management practices on both particular pathways and taxa.
Ideally, we would extend this analysis from a regional to a global scale. Candidate regions for comparison include the northwest Pacific (NWP), southwest Pacific (SWP), and northeast and northwest Atlantic (NEA, NWA). On closer consideration, however, we find that NWP databases remain limited to date, that SWP databases represent substantially different invasion pathways, species, and historical biogeographies, and that the waters of the NWA are considerably colder than those of the NEP. The northeast Atlantic Ocean thus emerges as the most relevant comparison region. Partial data on introduced marine organisms are available for the NEA, particularly for the British Isles (Eno 1996; Eno et al. 1997) . In both NEA and NEP reviews, a potentially very large number of invaders remain undocumented, especially among smaller and lesser-known invertebrate groups such as sponges, flatworms, hydroids, polychaetes, and bryozoans. This taxonomic underestimation noted, the most striking differences between the NEP and NEA are in the ratio of macroalgal to invertebrate species (NEP 1 : 32 vs NEA 1 : 2) and the overall trend in cumulative invasion records (NEP accelerating vs NEA linear).
Further comparisons within and among ocean basins will await more detailed data on historical pathways, sources, habitats, and invasion timing. Our ability to predict future invasion patterns will be much enhanced by the availability of detailed regional analyses that will allow us to extend our approach to a global framework. Origin as in Table 1, pathway as in Table 2 , regions as in Table 3 . Decade refers to first collection if known, otherwise to publication date of first record (in parentheses).
The status of certain species has been updated since reviews by Wonham (2000) and Ruiz et al. (2001) X Lewin and Norris (1970) 
